A new hydrographic climatology has been created for the continental shelf region, extending from the Labrador shelf to the Mid-Atlantic Bight. The 0.2-degree climatology combines all available observations of surface and bottom temperature and salinity collected between 1950 and 2010 along with the location, depth and date of these measurements. While climatological studies of surface and bottom temperature and salinity have been presented previously for various regions along the Canadian and U.S. shelves, studies also suggest that all these regions are part of one coherent system. This study focuses on the coherent structure of the mean seasonal cycle of surface and bottom temperature and salinity and its variation along the shelf and upper slope. The seasonal cycle of surface temperature is mainly driven by the surface heat flux and exhibits strong dependency on latitude (rE À 0.9). The amplitude of the seasonal cycle of bottom temperature is rather dependent on the depth, while the spatial distribution of bottom temperature is correlated with latitude. The seasonal cycle of surface salinity is influenced by several components, such as sea-ice on the northern shelves and river discharge in the Gulf of St. Lawrence. The bottom salinity exhibits no clear seasonal cycle, but its spatial distribution is highly correlated with bathymetry, thus Slope Water and its intrusion on the shelf can be identified by its relatively high salinity compared to shallow, fresher shelf water. Two different regimes can be identified, especially on the shelf, separated by the Laurentian Channel: advection influences the phasing of the seasonal cycle of surface salinity and bottom temperature to the north, while in the southern region, river runoff and air-sea heat flux forcing are dominant, especially over the shallower bathymetry.
Introduction
It would be an euphemism to say that the Canadian and U.S. East Coast are an important area for fisheries. Considering how European fishermen used to cross the Atlantic Ocean to confront the mists of the Grand Banks and the marks that their often tragic epics left in literature (Kipling, 1897; Loti, 1886) , the impact of the region in history and science is not to be underestimated. Accordingly, numerous previous studies examined the oceanography of the individual regions along the continental shelf from the MidAtlantic Bight to the Labrador Sea. Yet, a relatively limited number of studies have tried to understand the links between these regions, or considered the eastern shelf as one coherent system. The temperature, salinity, depth and width of the continental shelf all vary considerably along the approximately 5000 km distance between Labrador and Cape Hatteras, posing a significant challenge to examining the climatology in a coherent fashion. The Labrador Shelf is partly or completely covered by sea-ice from December to June (see the red contour in the Fig. 1 for maximum extent of the 15% sea-ice concentration). The maximum extent of ice coverage is reached in February or March, and the ice, pushed southward by both the wind-driven and the buoyancy-driven circulations, is found as far south as 45°N, covering most of the Newfoundland Shelf and the Gulf of St. Lawrence (Ikeda et al., 1996; National Snow and Ice Data Center, 2006) . This sea-ice insulates the shelf water from atmospheric forcing and thus alters the variability of temperature and salinity on the Labrador Shelf, and also in the Gulf of St. Lawrence from January to April. This is not the case in the Mid-Atlantic Bight, where waters never reach freezing temperatures. Bathymetry also encourages a more Contents lists available at ScienceDirect journal homepage: www.elsevier.com/locate/csr regional focus, with the shelf break shoaling from 300 m in the north to 50 m in the south, the 500 m deep Laurentian Channel bisecting the shelf just west of the Grand Banks, and with the shallow, open Grand Banks of Newfoundland contrasting the deep, enclosed basins of the Gulf of Maine.
Despite these regional differences, Chapman and Beardsley (1989) have used oxygen isotope measurements to demonstrate the interconnected nature of the coastal circulation in the western North Atlantic, tracing the origin of the shelf water in the MidAtlantic Bight poleward to the southern coast of Greenland. Furthermore, Loder et al. (1998) discuss the circulation, transport, and hydrography of the northeastern North American coastal ocean as a single large-scale physical regime, predominantly influenced by this coastal boundary current system. Features of the shelfbreak front, where cooler fresher shelf water meets warmer saltier Slope Water, exhibit similar large-scale continuity. The examination by Fratantoni and Pickart (2007) of over 700 synoptic hydrographic sections between the west coast of Greenland and the MidAtlantic Bight demonstrated a coherent evolution of both the structure of the front and its associated current.
The Baffin Current and the westward branch of the West Greenland Current converge on the northern Labrador Shelf to form the Labrador Current and its associated shelf flow (see Figs. 1 and 2 for the map of study area ; also see the Figure 1 of Fratantoni and Pickart (2007) ). While a large portion of this current recirculates into the subpolar gyre upon reaching the Grand Banks of Newfoundland (Fratantoni and McCartney, 2010) , the rest follows the shelf equatorward, ultimately reaching the MidAtlantic Bight, where it encounters the Gulf Stream near Cape Hatteras (Fratantoni and Pickart, 2007) . According to Loder et al. (1998) , this circulation is driven by buoyancy. Since the Labrador Current is the western boundary current of the subpolar gyre and the Gulf Stream is the western boundary current of the subtropical gyre, our area of study is confined between two major gyres carrying contrasting water masses and is influenced by both. Snow and ice melts from Greenland and Hudson Strait area represent a significant source of fresh water to the coastal boundary current system on the Labrador Shelf, further combined with the St. Lawrence river runoff, to form the mean flow on the Scotian Shelf (Chapman and Beardsley, 1989; Khatiwala et al., 1999) . Further south, freshwater input is predominantly from rivers and estuaries in the northern Gulf of Maine and southern Mid-Atlantic Bight. Fresh shelf water is mixed with saltier Slope Waters through various means, including vertical tidal mixing (Garrett and Loder, 1981) , winter convective overturning (Mountain and Jessen, 1987) , and as part of cross-shelf exchanges through deep channels such as the Laurentian and Northeast Channels (Galbraith, 2006; Mountain and Manning, 1994) , as well as smaller channels cutting into the Scotian Shelf (Drinkwater and Gilbert, 2004) .
Previous studies have shown that temperature and salinity at the surface and the bottom of the ocean exhibit coherent variability along the shelf over a range of timescales. Loder et al. (1998) emphasized this coherence on seasonal time scales based on maps and vertical sections of winter and summer temperature and salinity. On interannual timescales, Petrie (2007) reported a coherent structure of bottom temperature and salinity anomalies from the Labrador Shelf to the Gulf of Maine associated with the North-Atlantic Oscillation. Finally, Shearman and Lentz (2010) showed that century-long ocean warming trends observed along the entire northeast U.S. coast are not related to local atmospheric forcing but driven by atmospheric warming of source waters in the Labrador Sea and the Arctic, which are advected into the region.
The remainder of this paper is organized as follows. In Section 2, we describe the construction of the climatology, including data sources, quality control and gridding procedures. In Section 3, the mean seasonal cycles of surface/bottom temperature/salinity are described with focus on their latitudinal coherence and variation along the shelf and upper slope over the study region. More detailed examination of the specific regional patterns is presented in Section 4. The discussion and conclusion are given in Section 5.
Data

Sources
To obtain a coherent dataset over a large region, from Cape Hatteras to the Labrador Shelf, and over the longest possible time span, two different data sets were processed in an identical way and combined. The first one, the temperature and salinity from the Canadian Ocean Science Hydrographic Climate Database, 1 includes observations from 1910 to 2010 along the Canadian Atlantic Shelf (Gregory, 2004) and is archived at the Bedford Institute of Oceanography. The second data set was extracted from the National Oceanographic Data Center in the United States, 2 and was augmented with old, hand-written observations (Bigelow, 1933) as well as temperature and salinity profiles collected by the Northeast Fisheries Science Center of the U.S. National Marine Fisheries Service, as described by Shearman and Lentz (2010) . This database dates back to 1864, covering the U.S. Atlantic Shelf from Cape Hatteras to the Scotian Shelf, where it overlaps with the Canadian database. From these two datasets, only surface and bottom temperature and salinity measurements were retained along with their location, date/time and observation depth. Data within the top 5 m of the water column are considered surface data, while those within 710 m from the bottom are considered bottom data. Water depth is not consistently included in archives of oceanographic data, so we derive it using the geographic position of each observation and a 1-min resolution topography product, ETOPO1
3 (Amante and Eakins, 2009 ). Since we are primarily focused on the continental shelf and upper slope, only observations having bottom depths less than 600 m are retained. Similarly, only surface data are retained in areas where the water depth is shallower than 15 m, as the bottom and surface layers are not clearly separated according to our definition. An outlier filter is applied to both datasets as a quality control on the data. Observations are binned into 0.5-degree latitude/ longitude bins and a monthly mean and standard deviation is calculated for those bins/months where at least five observations are available. An observation is considered an outlier and removed if its difference from the local mean value is greater than 3 times the standard deviation. Following this, another filter is applied to avoid spatial and temporal clustering. A cluster is defined as multiple data points that have been collected within a 24 h period and 5 km radius. When a cluster of data is found, it is replaced by the mean value of the cluster.
Following the quality control filters, the two overlapping datasets were merged. Duplicated data were identified and removed in the overlapping region on the Scotian Shelf. In addition, the cluster filter described above was applied one more time in the overlapping region after the merge. The resulting merged database contains more than 403,000 stations, derived from a variety of sources, including CTD casts, profiling floats, and bathythermographs. Each station in the final dataset may include a combination of temperature and/or salinity at either the surface and/or the bottom.
The Canadian and U.S. east coast is divided into six regions for the analyses presented in the rest of this section (Fig. 2) . The distribution of the stations is shown in Fig. 2 , with relatively sparse coverage over the Labrador Shelf.
Temporal distribution
While the entire dataset spans nearly 150 years, the number of observations increases significantly beginning in the late 1940s for salinity and a bit earlier for temperature (Fig. 3) . Thus, our analysis period is limited to 1950-2010. The number of surface observations is $ 1.5 times larger than the number of bottom values for both temperature and salinity. It is noteworthy that a drop in the number of observations occurs after mid-2000. This may be due to the fact that more recent data have not yet been incorporated into the national archives. Data coverage is uneven among different geographic regions (as suggested in Fig. 2 ) and seasons. Generally, more data are available from the spring to fall and in the southern regions (Fig. 4) . While the Mid-Atlantic Bight and the Gulf of Maine are reasonably sampled throughout the year, coverage is sparse on the Labrador Shelf, particularly during winter, probably due to harsh weather conditions and sea ice. Thus, results for this region will have to be interpreted with greater care.
Bin-average and gap-filling
Monthly climatologies are constructed for the period 1950-2010 by binning and averaging data within bins measuring 0.2 Â 0.2°in latitude and longitude. To avoid potential bias due to uneven sampling in time, the average was first calculated for every month of every year between 1950 and 2010. No threshold was defined to calculate the mean, i.e. even if only one observation was available for a specific month and year, it was considered as a mean.
To further minimize the bias associated with sparse temporal sampling, each grid (month, year, latitude, longitude) without an average is filled by extrapolation from the adjacent months. The process used to fill those gaps is schematically described in Fig. 5 . First, the study area is divided into several large regions, sliding 5 degrees in latitude and spanning 20 m range in bathymetry as illustrated schematically in Fig. 6 . A mean seasonal cycle is calculated from monthly averages of data collected between 1970 and 2010 within each of these regions and used as the reference for the region (black curve in Fig. 5 ). For each target grid with a missing value in a specific month and year, the slope from the mean seasonal cycle (blue bars in Fig. 5 ) is used to extrapolate the missing value from the known value in the adjacent month of the same year (red square in Fig. 5 ). If the temperature/salinity is known for both the preceding and following month, the mean of both inferred values is used in place of the missing point. If three or more consecutive months are missing, only the two missing values in the end points are filled using this method. While the mean seasonal cycles are calculated for a large region, extrapolations are done on the much smaller 0.2 degree grid.
The 20 m bathymetry range for the mean seasonal cycle is adopted to take into account the dominant along-shelf/alongslope coherence of salinity and temperature. As the mean seasonal cycle cannot be robustly defined for bottom temperature and salinity (as discussed further in Section 3), gap-filling is only applied to the sea surface temperature (SST) and sea surface salinity (SSS). Also note that extrapolations are only performed between 1970 and 2010, when observations are relatively well distributed, thus ensuring both a more reliable interpolation and taking into account possible interannual variations. The Gulf of St. Lawrence was considered as a separate region in this exercise, because of its obvious hydrographic differences compared to similar latitudes to the east owing to strong fresh water influences. Finally, the sparser coverage of the Labrador Shelf did not support a robust enough seasonal cycle. For this reason, we processed SST only and exclusively in summer and fall (June to December) for this region.
The temporal coverage of the dataset is significantly improved by this gap-filling as demonstrated for the Gulf of St. Lawrence in Fig. 7 . The differences in data coverage before (left in Fig. 7 ) and after (right in Fig. 7 ) processing for SST and SSS is clearly visible between 1970 and 2010, as the red and black dots replaced most of the yellow ones, nearly doubling the number of values and filling most data gaps. The resulting dataset should give a nearly equal weight to all months and years in the final averages for the climatology. Fig. 8 shows the data coverage after gap-filling for each region. As noted earlier, extrapolations on the Labrador Shelf were limited to SST from June to December. Finally, each variable is averaged for each grid and month to create the final monthly mean climatology at 0.2°x0.2°resolution for 1950-2010.
Seasonal climatology
Because of the wide extent of our study area, seasonal variations in surface and bottom temperature and salinity are likely to present a dependence on latitude and/or depth. Therefore, the mean seasonal cycles are separately calculated for each 3-degree latitude region from north to south. Each region is displaced southward by 3 degrees from the previous region, so that the adjacent regions do not overlap. Of course, three degrees in latitude is not always wide enough to have data all year round, especially in the northern most regions. We thus have some gaps in the seasonal cycles. Note that this sliding region is adapted to geographic constraints: the Gulf of St. Lawrence is considered separately for reasons that have already been discussed; the Laurentian Channel separates east and west regions, whose characteristics are different and the Newfoundland shelf is considered as one region, despite the fact that it is more than 3 degrees wide. Fig. 9 shows these regions, where colors for each region correspond to those used for the seasonal cycles in the following figures and we refer to the regions by the numbers written aside. In addition, the dependence on bottom depth is considered for some of the analysis by separately calculating the seasonal cycle on the shelf (0-200 m bottom depth) and upper slope (200-600 m bottom depth).
Surface seasonal cycles
The mean SST (Fig. 10 , left panel) exhibits typical sinusoidal seasonal cycles, which are highly significant based on the standard errors. The minimum is always reached in March. The maximum is found in August for all 9 latitude bands. The SST range exceeds 7°C on the northern Labrador Shelf (region 2 ; À 1.5 to 5.9°C) and increases southward to reach a maximum of $16°C (region 9; 7.2-23.8°C) in the Mid-Atlantic Bight. With cold winter temperatures and rapid warming in spring, the SST range in the Gulf of St. Lawrence (region 6) exceeds 15°C, which is $ 3°C larger than the adjacent Newfoundland (region 5) or Scotian Shelf (region 7). Our results are consistent with those from Drinkwater and Gilbert (2004) for the Gulf of St. Lawrence and the Scotian Shelf, and those from Shearman and Lentz (2010) in the Gulf of Maine and the MidAtlantic Bight. The standard error suggests slightly higher variability in summer for the regions 2-5.
The typical sinusoidal seasonal cycles suggest that the SST is mainly controlled by atmospheric conditions. In Fig. 11 , the mean seasonal cycles of the net air-sea heat flux, averaged between 1984 and 2009 from the 1°Â 1°OAFlux (Yu et al., 2008) , are compared with the time derivative of SST, i.e. the differences between adjacent months progressively shifted by half of a month. To better compare the two curves, the derivative of temperature was multiplied by the heat capacity Cp ¼5000 J°C À 1 kg À 1 , the density ρ o ¼1025 kg m À 3 and a characteristic depth scale H₀¼30 m. The order of magnitude of the net air-sea heat flux agrees with the derivative of surface temperature, supporting the idea that this approximation is reliable. The two seasonal cycles share some common features and also some distinctions. The maxima are located in June-July for both parameters as clearly illustrated for the region 8 in bottom panel of Fig. 11 . It is surprising that there is no significant latitudinal dependency in the amplitude or the timing of the maxima in either variable. On the other hand, the minima are reached between September and October for the time derivative of SST, while the heat flux minimum occurs between December and January. This discrepancy is likely due to the deepening of the mixed-layer and entrainment of colder water from below when the heat flux changes sign around September-October. Since the depth of the seasonal mixed-layer is not determined from our analysis, it is difficult to quantify the relative importance of advection and air-sea heat flux in the seasonal cycle of SST. However, the shape of the net heat flux implies that the air-sea heat flux plays a dominant role in setting the seasonal cycle of SST. This is consistent with the results obtained by Chen et al. (2014) for the Gulf of Maine and the Mid-Atlantic Bight. The SST is strongly correlated with the air temperature from the OAFlux, with a mean time correlation coefficient of 0.94 averaged over the whole region. The seasonal cycle of SSS, while relatively more irregular and variable, has some interesting features (Fig. 10, right panel) . The shelf and slope water are relatively fresh due to the influence of numerous rivers along the coast and the advection of subarctic water by the coastal boundary current (Loder et al., 1998 ; Fratantoni and McCartney, 2010) . The amplitude of the seasonal cycle varies regionally, with the Labrador Shelf (region 2 ; 31.2-33.7 psu) and Mid-Atlantic Bight (region 9 ; 31.1-33.4 psu) exhibiting larger amplitudes relative to the Scotian Shelf and Gulf of Maine. This could be explained by the sea-ice coverage of the Labrador Shelf in winter (Fig. 1) , reducing 2-3 m of freshwater in the water column (Khatiwala et al., 1999) and the influence of salty Slope Water in the Mid-Atlantic Bight. The Gulf of St. Lawrence is much fresher compared to the rest of the regions with the surface salinity dropping to 29.2 psu in June-September and reaching only 31.5 psu in January-April. April-May corresponds to the maximum discharge of the St. Lawrence river (Bourgault and Koutitonsky, 1999), consistent with the seasonal decrease in the regional average climatology. For all the other regions, minima are reached in July or August and maxima in January or February, with the annual means staying around 32 psu without a clear latitudinal dependency. Indeed, there is no significant correlation between surface salinity and latitude. Fig. 12 shows seasonal cycles for the bottom temperature and salinity. Because these signals may be sensitive to the bottom depth, a distinction is made between shelf, ranging from 0 to 200 m (left panels), and slope from 200 to 600 m (right panels). Since the shelf break is situated around 50 m in the Mid-Atlantic Bight and at 400 m over the Labrador Shelf, this shelf-slope distinction is only a rough estimate. However, using a more exact local shelf break definition does not significantly change the results presented below. It should be noted that this bathymetric definition does not simply imply that "shelf" refers to any observation inshore of the shelfbreak and "slope" refers to any observations offshore of the shelfbreak. By this definition, regions on the continental shelf that are deeper than 200 m, such as the deep basins and channels in the Gulf of Maine and on the Scotian Shelf, are considered part of the slope region.
Bottom seasonal cycles
Bottom temperature has a well-defined seasonal cycle over the shelf, at least in the four southern regions (regions 6-9), reaching a minimum in March as in SST and maximum in October-November, lagging SST by 2-3 months (as shown for region 8 in the bottom panel of Fig. 11 ). The amplitude ranges between 4.0 and 6.5°C in the three southern most regions, i.e. the Scotian Shelf, Gulf of Maine, and Mid-Atlantic Bight. From the Gulf of St. Lawrence to the Labrador Shelf, the seasonal amplitude is substantially reduced, barely exceeding 2°C. The Labrador Shelf (region 2-3), protected by sea-ice for an extended period of time, seems even slightly warmer in winter (1.1°C in December) than in summer ( À 0.5°C in August), though the difference is hardly statistically robust due to the small number of observations in the region, as shown by the standard errors, especially in winter. Also note that only a limited area of the Labrador Shelf is shallower than 200 m (Fig. 9) . The weak seasonality observed at the bottom in the northern regions may be explained by the bathymetry, since the Labrador Shelf is 150 m deep on average and thus less influenced by surface forcing. In fact, the correlation between the amplitude of the seasonal cycle and the depth is À 0.74. In the Gulf of St.
Lawrence and on the Scotian Shelf, the Cold-Intermediate Layer insulates the bottom water in summer (Drinkwater and Gilbert, 2004) , resulting in a weak seasonal cycle in the bottom temperature. The annual mean bottom temperature changes much more abruptly from north to south compared to the more gradual change observed in SST. The mean bottom temperatures in the Gulf of St. Lawrence and regions to the north (regions 1-6) range between 0.5 and 2.6°C, while mean bottom temperatures are distinctly warmer in the three southern regions (regions 7-9), measuring 6.3-10.4°C.
Without surprise, considering its depth and lack of direct interaction with the atmosphere, there is no discernible seasonal cycle in bottom temperature over the slope (Fig. 12) . The annual range is between 0.6 and 2°C for all 9 regions, with a standard deviation of roughly the same order, ranging between 0.8°C for the Labrador Shelf and 1.8°C for the Mid-Atlantic Bight. However, there is a clear latitudinal dependency to the bottom temperature. Similar to the shelf, the annual mean temperatures on the slope are similar for the northern five regions (Labrador to Newfoundland), averaging roughly 2.3°C. By comparison, the annual mean bottom temperature in the Gulf of St. Lawrence is 4.8°C, this water being mainly Slope Water concentrated at depth in the Laurentian Channel. Finally, there is a large jump to $ 8°C in the deep basins of the Gulf of Maine and Scotian Shelf, and to $ 10.6°C in the MidAtlantic Bight. The latitudinal dependence of bottom temperatures revealed by the climatology reflects the shift in the composition of the Slope Water masses, from a dominance of subpolar sources in the north to subtropical sources in the south (Gatien, 1976; Mountain, 2012) .
Bottom salinity is the noisiest and thus the most difficult to interpret among all four variables (Fig. 12) . The clearest signal is that the Slope Waters are significantly saltier than shelf waters, by roughly 1.5 psu. The bottom salinity in the Gulf of St. Lawrence on the shelf is about 1 psu fresher than the rest of the regions, while the very strong seasonal cycle of surface salinity in the Gulf of St. Lawrence is barely visible at the bottom, a consequence of the strong stratification associated with fresh river discharge. On the upper slope, the southern regions are generally saltier due to the proximity to the Gulf Stream. In particular, the Mid-Atlantic Bight (region 9) is about 1 psu saltier than the rest of the regions.
Meridional phase lags
The normalized seasonal cycles of SST and SSS are plotted for the 9 meridionally-oriented regions to examine any meridional phase propagation of the seasonal cycle (Fig. 13) . The normalized seasonal cycle is defined as ( )
, where the X is the climatological monthly values of SST or SSS, and (X max -X min ) is the amplitude of the seasonal cycle. The northern Labrador Shelf (region 1) is excluded from this calculation as the full seasonal cycle is not resolved by the climatology.
The SST clearly exhibits a meridionally coherent seasonal cycle without any phase lag (left panel of Fig. 13 ). However, SSS exhibits more interesting features: the minima of the four northern boxes, extending from the Labrador Shelf to the Newfoundland Shelf, appear to be propagating southward in agreement with the mean direction of the circulation. The distance from the northern Labrador Shelf to the Tail of the Grand Banks is approximately 2000 km, hence the lag between those two places (around 4 months) would give roughly 20 cm/s for the propagation speed, consistent with the magnitude of the current velocity over the Labrador Shelf (Fratantoni and Pickart, 2007; Fratantoni and Fig. 8 . Temporal distribution of available data, for all six regions, after extrapolation. Gap-filling was only applied to surface temperature between June and December on the Labrador Shelf, while surface temperature and salinity were filled year-round in all other regions. Colors indicate the number of stations. SST, SBT, SSS and SBS stand for seasurface temperature, sea-bottom temperature, sea-surface salinity and sea-bottom salinity, respectively. (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.) McCartney, 2010) . South of the Newfoundland Shelf, there is no indication of propagation, all maxima and minima occur in the same month. This could mean that the river discharges, all occurring at the same time along the shelf, dominate the phasing of the seasonal cycle south of the Laurentian Channel.
Seasonal maps
General maps
A complementary view of the seasonal cycle and its propagation along the North American east coast can be given by mapping the seasonal distribution of temperature and salinity. The four seasons are defined according to the above-described seasonal cycles: spring is from April to June, summer from July to September, fall from October to December, and winter from January to March. The gridded temperature and salinity are averaged over all months and all years. Whenever one or more of the months was missing, the average was made with the remaining ones. This is not a problem for summer and winter, when temperature and salinity are relatively stable, but can introduce biases for the two other seasons, when large seasonal changes are occurring. The seasonal mean SST, SSS, bottom temperature and bottom salinity are shown in Figs. 14-17, respectively. While previously described features are also evident here, some notable new features emerge.
The most noticeable pattern in SST is a clear latitudinal dependence. Spatial correlations between SST and latitude range between À 0.83 in winter and À0.92 in fall. In winter, only the Mid-Atlantic Bight is warmer than 5°C, while in summer the temperature is above 10°C everywhere except on the Labrador Shelf.
In contrast, the SSS appears more correlated with bottom depth than latitude. Spatial correlations between SSS and bottom depth range from 0.19 in summer to 0.23 in fall. Near-shore waters are fresher than offshore ones, due to freshwater discharge. The influence of St. Lawrence river runoff is the most striking, evident as a plume of freshwater (less than 30.5 psu) primarily concentrated in the southwestern half of the Gulf of St. Lawrence (due to geostrophy), exiting the Gulf through the Laurentian Channel and expanding both westward along the coast and southward across the Scotian Shelf. Signatures of freshwater sources are also evident in the Gulf of Maine near the St. John river, and in the Mid-Atlantic Bight, especially near the Chesapeake Bay. While this near-shore freshening is visible during all seasons, it is most striking in summer, even though the maximum discharge for all rivers occurs in spring. On the other hand, the highest surface salinity is reached offshore of the Mid-Atlantic Bight, north of Cape Hatteras and over Flemish Cap, reflecting the influence of the Gulf Stream and Slope Water.
Bottom temperature and salinity underline the bathymetry of the region, with relatively warm and salty water observed in the Laurentian Channel and the Northeast Channel (north of Georges Bank), but also in the deep basins of the Gulf of Maine and the Emerald Basin on the Scotian Shelf. This is a signature of Slope Water entering the domain (Mountain and Manning, 1994 ). Yet, while the spatial correlation of bottom salinity with bathymetry varies between 0.49 in spring and fall and 0.57 in summer, the correlation between bottom temperature and bathymetry is only -0.32 in fall, dropping to 0.0 in winter and spring. This is because the bottom temperature is still mainly governed by latitude, whose correlation is as high as À 0.74 in fall. As pointed out in the previous section, seasonal variations in bottom temperature are barely visible east and north of the Laurentian Channel. In the Mid-Atlantic Bight, the shallow areas exhibit larger seasonal variations, with temperatures lower in winter and warmer in summer. Seasonal variation is very small for bottom salinity.
Stratification
As our climatology does not include vertical profiles of temperature and salinity, we infer the vertical stratification from the surface minus the bottom values of density (Fig. 18) . Our measure will practically reflect whether the mixed-layer reaches the bottom. Localized studies, such as Li et al. (2015) , give a more exhaustive description of the stratification. To further quantify the respective contributions of salinity and temperature to the stratification, we also present the density ratio based on thermal expansion and haline contraction coefficients (Fig. 19) .
Overall, strong stratification (o À 1.25 kg m À 3 ) dominates over most of the area year-round. Yet, there are a few regions where the inferred stratification is particularly small, such as Georges Bank and in portions of the Bay of Fundy, where the density difference is smaller than À 0.5 kg m À 3 . Energetic tidally-driven vertical mixing maintains relatively homogenous conditions year round (Garrett and Loder, 1981) . Some other seasonal homogenizations are taking place over the Mid-Atlantic Bight in fall and winter and over the Grand Banks in winter and spring. Stratification is much stronger in summer (even compared to spring) consistent with regional studies such as Li et al. (2015) . The turbulent tidal process occurring on the shallow Grand Banks mixes approximately the deeper 50% of the water column (Han, 2000) . But cold, winter temperatures probably initiate convection to mix waters from surface to bottom, with additional tidal mixing. Overall, the density difference exhibits strong negative correlation with the bottom depth with maximum in winter (r ¼ À0.79) and minimum in spring (r ¼ À0.55). Fig. 19 also gives interesting information about the relative role of salinity and temperature in the density stratification, through the calculation of the density ratio:
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where α is the thermal expansion coefficient
Since salinity is always lower at the surface than the bottom (Figs. 15 and 17) , negative values correspond to a negative contribution of temperature (i.e. surface temperature o bottom temperature). Furthermore, as the water column is always stably stratified (Fig. 18) , i.e. ϒ4 À 1, salinity gradient is responsible for making the water column stable when ϒ is negative. This is the case over most of the area in winter.
When the ratio is positive but smaller than one, the contribution of salinity is greater, while temperature contribution is more important if the ratio is greater than one. According to Fig. 19 , salinity has a greater influence on stratification for most of the year (ratio often less than 0.5), except over the Mid-Atlantic Bight and the Grand Banks between spring and fall, where the ratio is greater than 2. Shallow regions such as Sable Island Bank and the western part of the Gulf of Maine also exhibit a greater contribution of temperature in summer, which is consistent with the results obtained by Li et al. (2015) .
Summary and discussion
Summary
A seasonal hydrographic climatology is presented for the continental shelf region extending from the northern tip of the Labrador Shelf to Cape Hatteras. The climatology combines surface and bottom temperature observations from Canadian and U.S. archives and offers an opportunity to examine spatial patterns in seasonal variability across the region as a whole.
The mean seasonal cycle of surface temperature is primarily controlled by the surface heat flux, while its spatial distribution is highly correlated with latitude. The net heat flux also seems to be the primary driver of the mean seasonal cycle of the bottom temperature on the shallow shelf regions south of the Laurentian Channel, where seasonal cycles have a relatively large amplitude Fig. 11 . Net air-sea heat flux from atmosphere to ocean where positive indicates heat gain by the ocean (top) and derivative of the SST (middle). Colors correspond to the regions defined in Fig. 9 . The net heat flux is from the OAFlux (Yu et al., 2008) . (Bottom) Comparison between the net air-sea heat flux (red), derivative of SST (orange), SST (blue), and bottom temperature (light blue) for the region 8. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) compared to the region to the north. The influence of evaporation minus precipitation on the surface salinity was not assessed in this paper. However, the influence of river discharge is clear in the surface salinity, especially in the Gulf of St. Lawrence and regions to the south. On the other hand, sea ice appears to be another important element for the surface salinity variability in the regions to the north (Deser et al., 2002; Khatiwala et al., 1999) . The bottom salinity distribution is strongly constrained by bathymetry. The intrusions of salty Slope Water over the shelf through the deep channels and the strong vertical mixing in the tidally energetic regions leads to the mixing of different water masses.
Meridional coherence
The coherence of seasonal mean water mass properties is best summarized by the evolution of the regional temperature-salinity Fig. 12 . Mean seasonal cycles of bottom temperature (top panels) and salinity (bottom panels) on the shelf (left) and slope (right). Colors correspond to the regions defined in Fig. 9 . The vertical bars indicate the standard error of each monthly mean value. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.). Fig. 13 . Normalized mean seasonal cycles for SST (left), and SSS (right). Each row corresponds to one of the regions depicted in Fig. 9 , with corresponding numbers shown to the right. Each mean seasonal cycle is normalized so that the maximum and minimum values correspond to 1 and À 1, respectively. relationship, progressing from north to south (Fig. 20) . On the slope, where the water depth exceeds 200 m, summer bottom temperature and salinity is distinctly clustered in northern (0-4°C, 34-35 psu) and southern regions (7-12°C, 34.5-35.5 psu), with a clear separation at the Gulf of St. Laurence. On the shelf, the temperature varies primarily in the north-south direction while salinity varies in the cross-shelf direction. This is true for all four seasons at both surface and bottom. Again, the Gulf of St. Laurence represents a boundary between the northern and southern regions, with more or less homogenous conditions to the north and a range of rapidly warming temperatures to the south, consistent with the surface temperature distribution in winter (Fig. 10) .
Furthermore, the occurrence of the seasonal minima in surface salinity on the Labrador and Newfoundland Shelves shows a clear phase lag from north to south, with a phase speed that is consistent with observations of mean southward current speeds in the region. However, the Laurentian Channel disrupts this pattern of southward propagation, marking the division between the northern and southern regimes. The absence of a propagating signal in SST, SSS, and bottom temperature on the shelf in the southern region likely indicates that local forcing dominates in these relatively shallow regions, even though the mean circulation is still southward. The meridional phasing of the seasonal cycle along the Canadian shelf and upper slope especially for the surface salinity has barely been suggested in previous literature. Fratantoni and McCartney (2010) showed similar phasing in the Shelf . Ratio for relative contribution to surface-bottom density difference, temperature contribution over salinity contribution as defined in the text. Values between -1 and þ 1 indicate dominance of salinity, while values greater than 1 indicate dominance of temperature. Because surface salinity is always lower than bottom here, negative values only occur when surface temperature is smaller than the bottom temperature, with salinity differences providing water column stability. The 600 m isobath is indicated with the gray contour.
parts of the shelf and slope. In addition, Xu et al. (2015) recently suggested that the interannual SST anomalies associated with the North Atlantic Oscillation propagates from the Labrador Sea to the Gulf of Maine along the shelf and upper slope. A preliminary analysis based on our dataset suggests that the interannual variability of SST and bottom temperature anomalies along the shelf and upper slope are highly correlated. Work is still needed to better understand the mechanisms controlling meridional propagation of temperature and salinity anomalies on various time scales.
Some regional aspects
Our results focused on describing the meridionally coherent structure of the mean seasonal cycle of temperature and salinity over the entire domain. However, our new dataset has high enough spatial resolution to reveal the details of regional features. While regional studies using this dataset are beyond the scope of this paper, here we discuss further two sub-regions, as examples.
Influence of St. Lawrence River
A striking feature, especially visible in the surface maps, is the outflow of very fresh water from the St. Lawrence River (Fig. 15) . The advection of fresh water is visible from the Gulf of St. Lawrence through Cabot Strait, and along the coastline toward the Scotian Shelf and the Gulf of Maine. Fig. 21 is an enlargement of the Gulf of St. Lawrence and the Scotian Shelf, showing the distribution of surface and bottom salinity during summer. The maximum freshwater discharge from the St. Lawrence River occurs in April (Bourgault and Koutitonsky, 1999) . At a speed of 0.1 m/s (Wu et al., 2012) it would take approximately 3 months for discharge to reach Cabot Strait, along the 800 km distance from the lower St. Lawrence estuary. This is consistent with the timing observed in our climatology, where by summer, freshening is observed over the entire Gulf of St. Lawrence and over the Scotian Shelf. The development of the fresh plume is clearly visible on monthly maps (not shown here). This is corroborated by Fig. 22 , representing the probability distribution of SSS and bottom salinity in spring and summer for the Gulf of St. Lawrence (as defined in Fig. 2 ). For SSS, the peak is visible at 31.5 psu in spring and at 30.5 in summer. In addition, the summer SSS distribution is skewed toward fresher values, suggestive of enhanced river runoff.
The strong along-channel front of SSS in the mouth of the Gulf of St. Lawrence, which is more or less collocated with the 200m isobath, is clearly visible in Fig. 21 . Th e salinity rises from less than 29 psu in the southwest to more than 31 psu in the northeast within $50 km across Cabot Strait, which is 110 km wide. Lateral mixing is likely to occur along this front, even though we cannot confirm this in the climatology. We can see that relatively salty surface water flowing south from Newfoundland does not cross this front in the map. The mean circulation given by Fratantoni and Pickart (2007) in summer in this region indicates that there is an offshore westward current carrying this salty water over the slope instead of the shelf. The fresh plume flowing out of the Gulf of St. Lawrence is a curiosity, in that it follows the Laurentian Channel offshore to the edge of the Scotian Shelf, despite the fact that the mean circulation is southwestward. A branch of the plume does turn westward to follow the coast of Nova Scotia. It seems to be constrained near the shore less than 150 m deep by saltier water coming from the Newfoundland Shelf. The bottom salinity map shows clearly salty Slope Water entering the Gulf through the deep Laurentian Channel, extending far into the estuary. The water entering the Gulf of St. Lawrence circulates cyclonically, mixing with surface waters near the estuary and over Magdalen Shallows and exiting in the southwestern part of Cabot Strait (Drinkwater and Gilbert, 2004) . As it circulates around the Gulf, it freshens and cools, and will thus influence the downstream water properties of the Scotian Shelf, the Gulf of Maine and the Mid-Atlantic Bight. In Fig. 22 , the bottom salinity exhibits two clear peaks, in spring as well as in summer. The primary peak, which is very steep and centered at 34.9 psu, indicates the presence of Slope Water. The secondary peak is situated at 32.6 psu in spring (32.4 in summer) and corresponds to the outflow influence by the river discharge. Both peaks are also present in winter and fall (not shown here).
Role of bathymetry in Gulf of Maine
A closer examination of the distribution of the water masses in the Gulf of Maine, in summer, clearly reveals the role of bathymetry (Fig. 23) . The most noticeable feature is probably the bottom salinity dependence on the topographic features, with the saltier water in the Northeast Channel and the fresher water near the shore and over Georges Bank.
The Penobscot River on the northern coast of the Gulf of Maine and the St. John River in the Bay of Fundy are two important sources of fresh water whose influence is evident in maps of surface and bottom salinity. The fresh water input from the rivers spreads cyclonically along the boundary. Yet their maximum discharge occurs in spring rather than summer and their influence on salinity is more clearly seen in summer.
Mountain (2012) discusses three dominant water masses that enter the Gulf of Maine. Scotian Shelf Water (SSW) is the coldest and freshest source, having characteristic temperature and salinity values of 2°C and 32.0 and entering the mid-to upper-layers of the Gulf of Maine from the Scotian Shelf. In addition, warmer/ saltier Slope Water enters the Gulf of Maine at depth through the Northeast Channel, progressively spilling into the deep basins of the Gulf of Maine. The Slope Water consists of a mixture of Warm Slope Water (WSW ; 12°C and 35.4 psu) derived from subtropical sources and Labrador Slope Water (6°C and 34.6 psu) derived from subpolar sources. In the upper layers of the Gulf of Maine, shelf waters circulate counter-clockwise around the basin and are progressively modified by atmospheric fluxes of heat and freshwater and through mixing with both deeper slope waters and the discharge of local rivers. The influence of the cold/fresh SSW is clearly visible in the climatological surface property maps (Fig. 23) , spreading into the Gulf of Maine along the eastern boundary. This is distinguishable from the more saline Slope Water mixture entering at depth through Northeast Channel, and seems to be another significant source of freshwater. The two types of Slope Waters are not distinct in our climatology because they mix over the slope, before entering the Gulf, and their relative contribution varies according to years. However, the salty Slope Water entering the Northeast Channel is clearly seen in the bottom salinity.
There is a pronounced east-west gradient in summer surface temperature in the climatology, with warmer temperatures in the western half of the Gulf of Maine. The input of cold SSW in the eastern gulf is a tempting explanation for this gradient. However, Mountain and Manning (1994) have suggested that the timing of coastal runoff and its subsequent flooding of the western Gulf of Maine during spring/summer leads to enhanced water column stability and preferential trapping of heat at the surface. Moreover, due to the geometry of the basin and phasing of the seasonal cycle of temperature and salinity, the western half of the Gulf of Maine has a greater potential for deeper vertical mixing in winter and for stronger stratification in summer (Mountain and Manning, 1994) . This leads to the horizontal temperature gradients that appear in the climatology, with the well-documented propensity for colder bottom waters in the deep western basins relative to the east (Taylor and Mountain, 2009 ).
Another notable signal in the climatological bottom temperature fields is the warm bottom temperature over Georges Bank and Nantucket Shoals due to strong tidal mixing. Garrett et al. (1978) showed that tidal mixing is strong enough to homogenize the water column over Georges Bank, Nantucket Shoals, in the Bay of Fundy and on the southwestern shore of Nova Scotia. This surely explains the fact that surface and bottom temperature and salinity are nearly identical in the eastern part of the Bay of Fundy. It could also play a role in the warming of bottom temperature off Nova Scotia. If we take a closer look, we can see a surprising feature, which is the pool of very cold (o10°C) water at the surface off Cape Sable Island, at the southern tip of Nova Scotia. Tee and Smith (1993) link it to a three-dimensional upwelling induced by strong tidal current, rather than a two-dimensional upwelling created by wind or estuarine-induced circulation. This upwelling is supposed to bring cold, saline and nutrient-rich water from deep to shallow regions, but surface salinity does not show a clearly delimited pool as does surface temperature.
Concluding remarks
Our dataset extends over more than 60 years and over a region of 25 degrees in latitude with a very high spatial resolution. To better understand the relationship between the surface and bottom temperature and salinity, it would be useful to add the mixedlayer depth to this dataset. In addition to the climatological seasonal cycle presented in this paper, our dataset will be useful to study the interannual variability of the surface and bottom temperature and salinity over the whole system, which will be the subject of a follow-up study. Our study clearly demonstrated the value of the long-term sustained observations and calls for a continued effort to enhance the regional and global observational network over the shelf, in parallel to the successful programs in the deep ocean, e.g. the Argo program, in particular considering the long-term changes already documented in these coastal regions (e.g. Shearman and Lentz, 2010; Chen et al., 2014; Forsyth et al., 2015; Loder and Wang, 2015) .
